Dexmedetomidine (dexdor®) is approved in the European Union (EU) for sedation of adults in the intensive care unit (ICU). The present observational, retrospective study was requested by the European Medicines Agency to investigate dexmedetomidine use in clinical practice, with a particular focus on off-label use, including the paediatric population.
WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• Dexmedetomidine was approved by the European Medicines Agency in 2011 for the sedation of adults in the intensive care unit (ICU), more than 10 years after its first approval in the USA.
• Extensive literature reports of dexmedetomidine use in children, in patients outside the ICU and by alternative routes have raised concerns about widespread off-label use.
WHAT THIS STUDY ADDS
• Dexmedetomidine was found to be primarily used for the sedation of adults in the ICU with agitation, delirium or difficulty in weaning from the ventilator.
• Most patients were treated with dexmedetomidine according to the product label; if not, treatment was almost always in an ICU environment and for a well-recognized use of dexmedetomidine.
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Introduction
Dexmedetomidine is a highly selective alpha-2 adrenoceptor agonist that induces sedation via the activation of adrenoceptors in the locus coeruleus [3, 4] , the site physiologically controlling vigilance and the predominantly noradrenergic nucleus in the brain. As a result of its combination of a specific site of action plus a non-γ-aminobutyric acid (GABA)-ergic mode of effect, dexmedetomidine has a unique sedative profile, characterized by a calm but alert state in which patients are sedated but easily rousable to voice stimulation and able to cooperate with nursing and medical staff. This qualitatively distinctive nature of dexmedetomidine sedation has been confirmed in a range of clinical trials [5] [6] [7] .
In the European Union (EU), dexmedetomidine (Dexdor®) was approved in 2011 for the sedation of adult intensive care unit (ICU) patients at a maintenance dose of up to 1.4 μg kg -1 h -1 intravenously, without a loading dose or time limit. It should be used in an ICU setting, and use in other environments is not recommended. However, since its first approval in the USA in 1999, the use of dexmedetomidine in a broad range of clinical situations and patient groups has been documented in the medical literature, including perioperative use [8] , procedural sedation [9] and use in children [10, 11] . Alternative routes of administration, including intranasal [12, 13] , subcutaneous [14] , buccal [15] and intrathecal [16, 17] routes, have also been reported. Dexmedetomidine is approved for procedural sedation use in the USA and other countries but not the EU, and is not approved for paediatric use or non-intravenous administration in any country. The present drug utilization study (DexDUS) was performed at the request of the Committee on Human Medicinal Products (CHMP) of the European Medicines Agency (EMA), at the time of dexmedetomidine approval in the EU, to describe the ways in which this agent is used in the EU, with the purpose of quantifying off-label use, with particular reference to uses in children, and to record the occurrence of lack of effectiveness of dexmedetomidine.
Methods
General design considerations
DexDUS was a multinational, retrospective, noninterventional chart review study of dexmedetomidine utilization in clinical practice. It was conducted at 18 study sites (16 institutions) in Austria, Germany, Finland and Poland between 13 June 2013 and 4 December 2014. Site principal investigators are identified in the Appendix.
Suitable countries were in the EU, had established dexmedetomidine use for at least 6 months and had at least two suitable teaching or nonteaching institutions. The steering group defined four regions comprising all EU member states, on predominantly geographical grounds, and selected a single country in each region, where possible, based on the extent of dexmedetomidine sales. Suitable institutions had to provide: access to patients from a broad range of specialities, including adult and paediatric ICU patients alike; projected use of dexmedetomidine in >50 patients during the period of data collection; ethical approval for participation if required; and resources adequate for the technical requirements of electronic data capture. Dexmedetomidine sales data, provided by the manufacturer Orion Pharma, were used to identify the highest users of the drug; however, final selection of sites was performed by the independent steering group (blinded to hospital name and location in order to avoid selection bias), based on extent of use of Dexdor, hospital characteristics and the ability to meet the study demands.
Data collection
All patients treated with dexmedetomidine at each participating site during the data-capture period were to be included in the study unless they were participating in a clinical trial involving dexmedetomidine (the number of such patients was not recorded). Individual sites could not contribute >300 patients, or countries >750 patients in order to avoid having undue influence on the results. The database was closed when the recruitment target of 2000 patients was reached.
All relevant approvals (including local and/or national ethical approval) for participation were obtained for all sites. All patient data were collected retrospectively and fully anonymized at the time of entry by the investigator, allowing the requirement for informed consent to be waived.
For each patient, data were collected for the duration of the hospital stay or visit, and subsequent hospital visits were counted separately.
Data collection for each patient included demographics (age, gender), clinical reason for using dexmedetomidine (ICU sedation, perioperative use, procedural sedation including diagnostic procedures, or other), details of the dexmedetomidine administration (time, duration, dose, use of loading dose), concomitant medications and responses to questions regarding therapeutic effectiveness. ICU sedation was further categorized by reason for administration (protocol amendment after inclusion of 668 patients). As dexmedetomidine is titrated to effect and regularly adjusted as need changes, the 'typical' and maximum doses administered were recorded in the ranges <0. 
Sample size and other statistical considerations
Data are presented using descriptive summary statistics: mean, median, interquartile range (IQR), standard deviation, minimum and maximum for continuous variables, counts and percentages for categorical variables.
The study was not designed to test any predefined hypothesis, and no statistical hypothesis testing was performed.
In the absence of a predetermined hypothesis, the target sample size was set empirically at 2000 patients. With this number of patients, it was estimated that: (i) the probability of observing at least one rare event would be 95% when the probability of event was 0.15%; (ii) a two-sided 95% confidence interval for single proportion would extend between 1% and 2.2% from the observed proportion for an expected proportion that was between 5% and 95%.
Quality control and good practice
The study was performed according to the principles of good pharmacoepidemiology practice [18, 19] and published EMA guidance on good pharmacovigilance [20] . Data quality checks were built into the electronic case report form to identify obvious data entry errors, although the use of anonymization largely precluded patient verification or data queries after submission of each patient's data. Regular reviews of data capture compliance and data quality were undertaken throughout the study. These reviews of data quality included checks for possible duplicate subject information by searching the study database for subjects with identical data elements.
Study organization
An independent steering group, comprising pharmacoepidemiologists and intensive care physicians (also experienced in paediatric intensive care and anaesthesia), was responsible for scientific direction and key decisions during the study and operated according to a mutually agreed written charter. The steering group made decisions by consensus following discussion with the study team and exercised 'closed' sessions without sponsor or Clinical Research Organisation representatives. The charter defined a process to be followed in the event of conflict with sponsor representatives; this was not invoked. The steering group selected sites (see methods section), approved the protocol and reviewed emerging data. Steering group members are identified in the Appendix. The study was sponsored by Orion Corporation, Orion Pharma.
Results
A total of 2159 administrations of dexmedetomidine were recorded in 2000 patients during the 18 months of study conduct (13 June 2013 to 4 December 2014), in Finland (n = 750), Poland (n = 505), Germany (n = 470) and Austria (n = 275) ( Table 1 ). The country enrolment limit of 750 patients was reached in Finland, and one Polish site included the maximum 300 patients; further patient accrual at these sites was prohibited. Thirteen of the 16 participating sites were university hospitals, and three were general hospitals located in Finland (n = 2) and Poland (n = 1). All sites had an adult ICU. Only four sites had a separate paediatric ICU but all sites reported the capacity to treat paediatric ICU patients.
Patient characteristics
The demographic features of the 2000 patients who contributed data to DexDUS are shown in Table 1 , stratified by country.
Patients were predominantly male (72.2%), with a median age of 62 years, of whom 39.3% were >65 years. Children accounted for 118 patients (5.9% overall; Austria 11.6%, Finland 11.2%, Poland 0.6%, Germany 0.2%) at seven sites, while in Germany and Poland there were no children <12 years treated with dexmedetomidine.
Primary indication
The most frequently recorded primary indication was ICU sedation (78.6%; 1696/2159 administrations), followed by perioperative use (15.5%, 335 administrations) and procedural sedation (5.0%, 108 administrations) ( Figure 1 and Table 2 ). Other indications accounted for 20 administrations (<1%).
ICU sedation accounted for 91-98% of recorded primary indications in Finland, Germany and Austria but only 32.4% in Poland, where perioperative use was recorded in 56.0% of administrations (for improving emergence from anaesthesia and to provide sedation during regional anaesthesia for surgery). In total, 422 adult administrations were for reasons other than ICU sedation, mostly at the Polish sites.
The most common specified reasons for ICU sedation were agitation despite existing sedation (32.2%), delirium (28.3%) and difficulty weaning from the ventilator (16.4%) (Table S1 ). Other reasons for use in ICU sedation included drug/alcohol withdrawal (3.6%), non-invasive ventilation (4.8%) and initial postoperative sedation (3.8%). No specific category was selected for 20.1% of ICU sedation administrations.
Almost all administrations (adults 99.2%, children 96.8%) took place in an ICU environment (as defined for study purposes) in all countries (Table 1) . Eighty-six per cent of administrations occurred in the adult ICU, while at 11 of the 16 sites >95% of all administrations were given in that setting. Dexmedetomidine was given in the operating room at six sites (6.5% of administrations), the paediatric ICU at four sites (3.7% of administrations), radiology/imaging units at four sites (0.6% of administrations) and cardiac care/cardiology location at three sites (0.3% of administrations).
Frequency of administration and dosages
All recorded administrations were intravenous (data missing n = 10). Most patients (93.7%, n = 1874) received dexmedetomidine once only. In total, 103, 15, 7 and 1 patients were administered dexmedetomidine two, three, four and six times, respectively.
Loading doses of dexmedetomidine were used in fewer than 2% of administrations (n = 41: 3.9% of perioperative and 5.6% of procedural sedation administrations), and exceeded 1.0 μg kg -1 for eight administrations. Table 1 Demographic characteristics of patients Gender, n (%) The median duration of treatment was 1 day but varied across sites and countries, as shown in Figure 2 , being longest in Germany (3 days). The duration of treatment exceeded 14 days in 2.6% of administrations; the maximum treatment period was 74 days. Otherwise, the extent of exposure was similar between countries ( Table 3) .
The maximum approved dose of 1.4 μg kg -1 h -1 was exceeded at some point in 9.3% of patients (3.3% in Poland, where non-ICU sedation indications predominated), although only 3.1% had a typical maintenance dose above this limit (Figure 1 ). In 35.7% of administrations, the maximum dose was below 0.7 μg kg -1 h -1 (the approved limit in most non-EU countries). Only two of 17 administrations to adults outside the ICU environment involved doses exceeding 1.4 μg kg -1 h -1 (Table 4) .
Paediatric use
The most recorded primary indication in paediatric patients was ICU sedation (67.2%, 84/125 administrations), followed by perioperative use (21.6%, 27/125 administrations) ( Figure 1 ). Among patients less than 12 years of age, most administrations took place in the paediatric or adult ICU (56/74; 75.6%); other administration locations were the operating room (9.5%, 7/74), cardiac care/cardiology (4.1%, 3/74) and radiology/imaging (1.4%, 1/74). Among older Figure 1 Summary of dexmedetomidine administrations in all patients and in children. ICU, intensive care unit children (12-17 years), administrations were numerically equally divided between the paediatric ICU, adult ICU and operating rooms (each, 23-24 episodes). All but four administrations occurred in an ICU environment.
A loading dose (0.5-1.0 μg kg -1 ) was given to a paediatric patient only once, (aged ≤27 days) and there were only five paediatric readministrations of dexmedetomidine. Doses of >1.4 μg kg -1 h -1 as either a maintenance (11.2%) or Drug utilization study of dexmedetomidine maximum (22.4%) dose appeared proportionately more frequent in paediatric than adult patients. Treatment duration in neonates (≤27 days) was numerically longer than in the 12-17-year age group (mean 7.0 ± 10.5 days vs. 1.8 ± 3.7 days), although the number of patients was low.
One of four administrations to children outside the ICU environment involved doses exceeding 1.4 μg kg -1 h -1 (Table 4) .
Effectiveness of dexmedetomidine
Dexmedetomidine was effective in 84.9% of administrations (range 77.3-95% between countries) (Figure 1) . It was discontinued owing to a lack of efficacy in 5.7% of administrations, and another sedative was started owing to a lack of efficacy in a further 4.0% of administrations. In an additional 5.4% of administrations, dexmedetomidine was judged not to provide the intended effect, although no other actions were identified. In patients recorded as receiving >1.4 μg kg -1 as their most common maintenance dose, discontinuations for lack of efficacy were higher (19.4%), although dexmedetomidine was considered effective in 64.2% of patients. Dexmedetomidine was assessed as effective in all patients under the age of 2 years (n = 31) and 92.3% of children aged 2-11 years (36 of 39 patients). In all older age groups, the level of therapeutic effectiveness was similar (~85%) for all indications.
Discussion
The DexDUS study, performed at the request of the EMA at the time of approval in Europe, was the first known attempt to perform a formal drug utilization study of intravenous sedation in intensive care patients, and with 2000 patients was one of the largest patient series recorded for dexmedetomidine to date. The study characterized the way that dexmedetomidine was used in a sample of EU institutions and identifies the extent to which those users complied with the SmPC in terms of indication for use, dose, location of use and use in children. In 14 of the 16 institutions, dexmedetomidine was predominantly used for the sedation of adults in the ICU, to manage agitation, delirium, difficult weaning and drug/alcohol withdrawal, and alternative uses were infrequent (<10% of administrations). In two institutions, it appeared to be used routinely for perioperative and procedural sedation in the operating room and ICU. Use in environments with potentially less intensive monitoring (non-ICU environments, defined for this study), such as the endoscopy room or radiology suite, was rare and no use in a regular ward was identified. The study identified only intravenous use, normally without loading or bolus doses.
A small (5.8%) but relevant proportion of dexmedetomidine administrations occurred in children, in all age groups, most of which (88%) occurred in three sites. The identified reasons for using dexmedetomidine in children were somewhat similar to those in adults. There remains a high unmet need for alternative agents for ICU sedation in children [21] and, while many have reported their experience with dexmedetomidine in this population [22, 23] , this remains an off-label use.
A loading dose was used rarely (1.9% overall), consistent with EU prescribing recommendations as well as ICU sedation studies performed outside the EU [7] , indicating that a loading dose is not normally needed when starting dexmedetomidine as a second-line agent. Indeed, only 5.6% of administrations for procedural sedation involved a loading dose, even though one is conventionally used in published studies for both dexmedetomidine [24, 25] and other sedatives [26, 27] when used in this way. The study supported previous reports that patients commonly require a dose >0.7 μg kg -1 h -1 (the maximum approved dose in the USA and elsewhere) for maintenance of sedation with dexmedetomidine [28] ; indeed, 9.3% of adult and 22.4% of paediatric patients exceeded 1.4 μg kg -1 h -1 at some point during treatment. Without measured sedation levels, it could not be judged whether lower effectiveness, different therapeutic objectives or individual clinical practice explained the more frequent use of high doses in children but it is of note that higher clearance of dexmedetomidine has been reported in young children [29, 30] . The incidence of apparent lack of efficacy is comparable to existing data [5] . Study withdrawal due to a lack of efficacy occurred in 9% and 14% of dexmedetomidine patients in the Midex and Prodex phase III studies, respectively. In those studies, continuous concomitant sedatives were not permitted, whereas in clinical practice, as in the present study, supplementing dexmedetomidine with a low dose of another sedative is a common way to manage inadequate response.
There were relevant differences between sites and countries. In Germany, dexmedetomidine was only used in the ICU; In Poland, perioperative and procedural sedation predominated; Austria had the highest rate of ICU sedation (98.4%), while Finland had a similar profile to Germany in reasons for use, but had greater use in children. In Finland, access to dexmedetomidine through a special access scheme prior to regulatory approval might be relevant to the broader use of this agent in children. Indeed, it is possible that data from Finland might predict future dexmedetomidine use as experience matures elsewhere in Europe. It may also be that preferences of individual prescribers are of greater impact than geographical factors in explaining the variation seen. With diversity in the type of hospitals included in the study, the results should be considered descriptive only and do not predict how dexmedetomidine is used at other specific institutions.
Of necessity, the study was performed while dexmedetomidine use was still relatively immature in most EU countries and institutions, with the exception of Finland, and countries requiring national formulary agreements or extensive local approval (e.g. France, Spain, Italy, the UK) did not establish use of this agent rapidly enough to be included in the study, which may have influenced the findings. Selecting sites based on high Dexdor sales may introduce a bias compared with institutions with more restricted use, while some were deterred from participating owing to concerns related to recording off-label drug use.
Retrospective, anonymized data collection avoided interference with how dexmedetomidine was used (the Hawthorne effect) but made it not possible to confirm the completeness of patient inclusion and, of necessity, relies on information already collected in the patient record, which may not always be clear or complete. This limits the robustness of those variables needing some degree of interpretation by the data abstractor (e.g. reasons for starting dexmedetomidine and lack of efficacy). The systematic and blinded site selection process minimized selection bias but, still, the use of different sites might have led to alternative study conclusions and so the generalizability of the results is unclear.
The definition of an ICU environment was developed specifically for this study and was intended to reflect that the SmPC describes that dexmedetomidine should be used in an 'ICU environment'. This broader definition describes more completely the on-label use of this agent. It is not a standard definition, although it makes an important contribution to the number of administrations considered on-label. Recent reviews of regulatory-driven studies to evaluate risk minimization measures, including labelling adherence, have focused on timelines of implementation, designs, etc. [31, 32] Individual studies are starting to be published. Based on the studies posted in the EU PAS registry [33] , data are frequently extracted from automated healthcare databases or obtained from patient and healthcare professional surveys, or, as in our case, extracted from clinical records. In the last two options, the selection of study subjects is based on gathering diverse settings representative of various healthcare delivery systems owing to the lack of a defined sampling frame that would allow for random selection. Owing to the specific population of our study (including paediatric patients, and those in the ICU or a related setting), we encountered often-fragmented hospital information systems. Variable population catchment areas, based on the different specialties of care, further complicated the selection of patients even when paediatric and adult patients alike were seen in a single hospital.
The study did not provide an endorsement or otherwise of any of the uses of dexmedetomidine recorded as neither treatment nor safety outcomes were recorded, and in that sense did not provide a basis to change clinical practice. Despite the potential limitations described above, we consider that DexDUS represents the best feasible attempt to address the questions raised by CHMP, without disrupting the essential naturalistic nature of the study.
This drug utilization study of dexmedetomidine performed early after the introduction of the product found that most patients were treated according to the product labelling, although there were important differences between countries and sites. Use in children was limited but significant and followed a similar pattern to that in adults. Administrations not fully according to the product labelling normally occurred in an ICU environment and reflected extensively investigated clinical uses of dexmedetomidine.
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